any environment, if not, it would be extremely difficult to declare a genotype efficient or inefficient" (Graham, 1984, p. 89) . In soybean Fe-efficiency screening nurseries, the measure of choice is almost always a visual chlorosis score (VCS) that is very much dependent on Fe availability and that is of limited value where environments have adequate supplies of readily available Fe. This often leads to two interrelated questions: (i) what level of Fe deficiency allows for the greatest difference in gene expression among entries? and (ii) what parameter of gene expression should be measured?
Screening nurseries usually are located on soils that have a history of Fe deficiency based on a VCS. Soils not having a history of Fe deficiency are avoided, presumably because there are few genotypic differences in the absence of visual chlorosis. This probably results from using VCS as the measure of resistance, especially if an efficient genotype is efficient under any environment. Yet, the response (i.e., visual chlorosis score) to applied Fe chelates can vary with method of application (soil vs. foliar), rate of application (e.g., 2.2 vs. 11.2 kg ha -1 ), genotype (susceptible vs. resistant), severity of Fe deficiency, and plant population (Wiersma, 2005 (Wiersma, , 2007 (Wiersma, , 2011 (Wiersma, , 2012 . Also, screening nurseries used to identify more resistant genotypes based on VCS do not always provide consistent, reliable levels of chlorosis (Fairbanks, 2000; Wiersma, 2011) . A better measure of resistance or a better method of evoking the same response to similar severities of Fe deficiency is needed. It has been suggested (Wiersma, 2012 ) that (i) seed [Fe] is predictive of resistance to Fe deficiency, (ii) Fe-efficient genotypes accumulate more seed Fe regardless of VCS, and (iii) Fe-efficient and Fe-inefficient genotypes have seed [Fe] maxima that are distinctly different and that seldom vary more than 10% (Wiersma, 2005 (Wiersma, , 2007 (Wiersma, , 2011 (Wiersma, , 2012 . Under different levels of Fe availability, Fe-efficient and Fe-inefficient soybean genotypes have seed [Fe] "potentials" that, once fulfilled, vary only slightly (<10%). Baxter et al. (2008) , working with the model plant Arabidopsis spp., reported that Strategy I mechanisms (as found in soybean) are capable of maintaining stable concentrations of shoot Fe in plants across a 10-fold range of available [Fe] in the growth media. These authors also noted that at each level of Fe deficiency, the plant's shoot [Fe] did not change but the plant's ionome (elemental composition, especially of Mn, Co, Zn, Mo, and Cd) in the shoot did change, in turn indicating the plant's Fe nutritional status. We (Moraghan and Helms, 2005; Wiersma, 2005 Wiersma, , 2012 have observed similar differences in seed [Fe] among soybean genotypes that were rated as resistant (R), moderately resistant (MR), and susceptible (S) to Fe deficiency. Seed from R genotypes accumulated more Fe than seed from MR and S soybean genotypes. Beeghly and Fehr (1989) reported a similar relationship in that a C7 population of soybean genotypes selected for Fe efficiency by recurrent selection had a higher seed [Fe] , 108 μg Fe g -1 seed, than the C7 population, 96 μg Fe g -1 seed, even when grown on a noncalcareous soil.
The within seed distribution of micronutrients may be especially important for early seedling establishment and/or human consumption. Moraghan and Helms (2005) reported a pronounced, stable effect of genotype on seed [Fe] . In their research, the two genotypes with the highest and lowest seed [Fe] were the same when grown on soils that varied threefold (17 vs. 5 mg kg -1 diethylenetriaminepentaacetic acid [DTPA]-extractable Fe) in available soil Fe. They noted that Fe tended to accumulate in seed coat tissue compared to embryo tissue and that this tendency was tightly controlled genetically. Marentes and Grusak (1998) studied Fe transport and storage within the embryo (filial tissue) and the seed coat (maternal tissue) of pea (Pisum sativum L.) seeds. They noted that Fe resides only temporarily within the nonvascular seed coat cells and that the Fe-hyperaccumulating mutant (cultivar Sparkle [dgl,dgl] ) appeared to have a higher capacity to translocate Fe from vegetative organs into developing seeds. Whether a similar relationship exists among Fe-resistant and-susceptible soybean genotypes has not been reported.
The mutual antagonism between Fe and Mn may also influence the uptake and translocation of these two microelements (Moraghan et al., 2002; Ghasemi-Fasaei et al., 2005; Moosavi and Ronaghi, 2011) . It has been suggested that Fe distribution criteria (cellular structures and [Fe] within important structures) should be integrated into selection strategies for plant Fe biofortification (Cvitanich et al., 2010) . Similarly, measuring [Zn] and contents in seeds of navy bean (Phaseolus vulgaris L.) have been reported to provide an accurate estimate of resistance to Zn deficiency, even in the absence of foliar Zn-deficiency symptoms (Moraghan and Grafton, 1999) .
Concentration-dependent kinetics of Fe accumulation, wherein modification of the same Fe transport protein or different Fe transporters are involved in response to increasing [Fe] (Kochian, 2000) , may also be involved in seed Fe accumulation, that is, that embryo [Fe] may depend on seed coat [Fe] . Several studies (Kleese et al., 1968; Sale and Campbell, 1980; Raboy et al., 1984; Burton et al., 2000) have reported concentrations and contents of macro-and micronutrients in soybean seed of a few varieties; however, to the best of our knowledge, there have been no reports of nutrient concentrations in harvest seed of soybean genotypes rated for Fe efficiency.
The objectives of our research were to determine the within-seed distribution (whole seed, seed coat, and embryo tissues) of N, P, K, Mg, Ca, Fe, Zn, and Mn in soybean genotypes with different Fe efficiencies based on planting seed [Fe] . Questions we sought to address included (i) does the seed coat represent a barrier to transfer of nutrients into the embryo?, (ii) does seed Fe dried. Dried seeds were placed into a desiccator with a saturated water atmosphere at 22°C for 72 h before seed coats and embryos were manually separated. These materials were dried, ashed, and digested using standard wet-ashing procedures. Acid digests were analyzed for Fe, Mn, Zn, Ca, Mg, and K by AAS. Nitrogen was determined using standard Kjeldahl procedures and P was measured using the procedure described by Etchevers et al. (1978) .
Data were analyzed using standard procedures for an analysis of variance of a randomized complete block design (Gomez and Gomez, 1984) . Blocks and all terms involving blocks were considered random effects. Separate analyses were done for each location considering genotypes as fixed effects, and a combined analysis across locations was completed using Proc Mixed procedures of SAS (Littell et al., 2006) , considering genotypes and locations as fixed effects. An estimate of the importance of various sources of variation was determined from analyses of variance by comparing mean squares and ranges. The data were further analyzed using contrast and estimate statements. Location contrasts were (Ada, MN [Loc1] ) the mean of Ada and Crookston vs. Fisher and (Crookston, MN [Loc2]) Ada vs. Crookston. The reason for combining Ada and Crookston (Loc1) was based on the similarity in VCS at these two locations compared to almost no VCS at Fisher. Genotype contrasts were the mean of MR and R vs. S and MR vs. R. Interactions of location × genotype were partitioned using products of location and genotype contrasts. Estimate statements were evaluated to assess the magnitude and direction of significant differences. Most of the variation was associated with genotypes and little with locations, despite relatively large differences in early-season VCS. PROC STEPWISE (Boling et al., 1990 ) was used to evaluate the importance of elemental concentration vs. seed weight in characterizing seed element content.
In addition, planting seed [Fe]s and published VCSs were used to characterize genotypic resistance to Fe deficiency and then compared for similarities. Visual chlorosis scores at V3 and SPAD measures during early vegetative development were considered traits of resistance to Fe deficiency. Genotypic means across locations (n = 21) of VCS at V3 and SPAD values were correlated with genotypic means of planting seed [Fe] s and published VCSs. The magnitude and direction of Pearson correlation coefficients were compared.
RESuLTS aNd dISCuSSIoN

Growing Conditions
Mineral composition of seed and Fe inefficiency in soybean are often associated with environmental, edaphic, or excessive fertilizer stresses (Gibson and Mullen, 2001; Hansen et al., 2003; Wiersma, 2010) . Selected properties of soils from each location are presented in Table 1 . Although growing season temperatures and precipitation were available only for Crookston during 2003, these observations were close to their 30-yr averages and moderate differences among locations were considered inconsequential. The severity of Fe chlorosis we observed in these trials was thought to be related primarily to inherent soil properties. Soils at each location were high pH, highly calcareous soils. Nonetheless, using the standard Fehr et concentration or embryo [Fe] provide a better measure of resistance to Fe deficiency than VCS?, and (iii) does the commonly observed Fe-Mn antagonism also occur in seed Fe and Mn accumulation?
MaTERIaLS aNd METHodS
Experiments were conducted at three locations (Ada, Crookston, and Fisher) in northwest Minnesota during 2003 on soils where soybean has historically exhibited mild to severe Fe deficiency. Soils at each location comprised highly calcareous, high pH soils belonging to the soil subgroup Aeric Calciaquolls. Soil samples (forty 0-15 and forty 15-30 cm) were collected and composited from each location and analyzed for the following characteristics: pH, CaCO 3 (calcium carbonate) equivalent, exchangeable K, Olson's P, NO 3 -N, DTPA-extractable Fe, Mn, and Zn (Anonymous, 1988) . Each plot measured two (0.56 cm) rows wide by 3.6 m long and was planted at a seeding density of 26 seeds m -1 (46 seeds m -2 ). Weeds were controlled by hand weeding and application of selected herbicides at rates recommended locally for control of specific weed species and intensities. Insect pests and diseases were either absent or considered inconsequential. Temperature and precipitation data were available for only one location (Crookston); therefore, descriptions of growing season weather are generalizations from that one location.
Trials were planted at Ada, Fisher, and Crookston on 27, 16, and 15 May 2003, respectively (Wiersma, 2011) . There were 72 genotypes included in each trial, but only 21 were selected for extensive nutrient analyses of harvested seed. These 21 genotypes represented seven Fe-inefficient and susceptible to Fe deficiency (S) genotypes, seven genotypes moderately Fe efficient and moderately resistant to Fe deficiency, and seven genotypes Fe efficient and resistant to Fe deficiency (R). These categories were determined by measuring elements in acid digests using atomic absorption spectroscopy (AAS) and then classifying genotypes into 10-mg kg -1 categories. The mean planting seed Fe concentrations (μg Fe g -1 seed) for each group were 68.4 (S), 79.1 (MR), and 96.1 (R), respectively. The mean harvest seed Fe concentrations for each group averaged across the three locations, determined by AAS, were 55.4 (S), 69.6 (MR), and 86.1 (R). A randomized complete block design with four replications was used at each location with genotype as the treatment. Visual chlorosis scores of each genotype from earlier research ( J.V. Wiersma, unpublished data, 2002) are referred to as "published" VCSs in the Results and Discussion section to identify them as different from values collected during this trial. An early-season (V2-V3) visual chlorosis score was recorded at each location. Preplanting and postharvest weights per seed were determined by counting and weighing 2000 seeds from samples of grain from each genotype. Although we measured several agronomic characters during these trials, for example, visual IDC scores, Soil Plant Analysis Development (SPAD) meter readings (relative chlorophyll concentrations as measured by a Minolta SPAD-502 leaf chlorophyll meter), plant height, grain yield, and seed weight, mineral element contents and concentrations receive particular attention in this article.
Following harvest, 25 to 40 seeds per plot, depending on seed size, were washed to remove possible contamination, especially from soil Fe (Wikoff and Moraghan, 1986) (Gibson and Mullen, 2001 ). In our study, planting seed [Fe]s and published VCSs were used to characterize genotypic resistance to Fe deficiency and then compared for adequacy. As with VCS, seed [Fe] was considered to be an attribute of resistance to Fe deficiency (Shen et al., 2002) . Seed size declined whereas seed [Fe]s and contents increased as resistance to Fe deficiency increased.
Genetic and Environmental Variation
Despite similar soil chemistries at each location (Table 1) , locations differed significantly for seed concentrations of N, P, K, Mg, Mn, and Zn (Tables 2 and 3 ). The notable exceptions were Ca and Fe. Growing the same genotypes under quite similar soil and environmental conditions did not preclude identifying significant differences among locations (Table 4) or genotypes (Table 5 ). For example, the range in whole seed Fe concentration among locations (66 to 75 μg g -1 ) ( Table 2 ) was considerably smaller than that among genotypes (38 to 91 μg g -1 ). As in other studies (Kleese et al., 1968; Beebe et al., 2000; Moraghan et al., 2002; Rotundo and Westgate, 2009; Wiersma, 2012 ; and references therein), much of the variation in the expression of seed composition and micronutrient-density traits was genetically determined. Similarly, results of location contrasts (Tables 4 and 6) involving differences in whole seed and embryo macronutrient densities highlight the consistent performance of genotypes across locations (Table 3 ) and support earlier suggestions that a single environment may be adequate when screening genotypes for differences in mineral accumulation (Kleese et al., 1968; Gregorio, 2002) . Location × genotype interactions seldom were statistically significant.
In our study, differences in mineral accumulation also were related to the classification of the 21 genotypes into seven susceptible, seven moderately resistant, and seven resistant to Fe deficiency (Tables 3 and 5 ). More resistant genotypes accumulated more Fe and genotypes with more Fe accumulated less Zn and Mn (Table 7) . Interestingly, the sum of Fe and Mn for embryo tissues was nearly the same for susceptible, moderately resistant, and resistant genotypes (Table 7) . This association was similar at each location (Table 8) and is often referred to as the antagonistic Fe-Mn relationship, in which uptake, transport, and accumulation of Fe has a negative effect on the uptake, transport, and accumulation of Mn (Heenan and Campbell, 1983; Moraghan, 1985; Izaguirre-Mayoral and Sinclair, 2005; Waters et al., 2006) .
Location and Genotype Means of Selected Macronutrients
Although often statistically significant, differences among locations in N, P, K, Ca, and Mg concentrations and contents were generally quite small as were differences in soil properties (Table 1) . Results of location contrasts (Tables 4 and 6) involving differences in whole seed and embryo macronutrient densities were essentially the same, which probably 
Location and Genotype Means of Selected Micronutrients
Zinc and Mn concentrations and contents in all seed tissues were higher at Fisher than at either Ada or Crookston (Tables 4 and 6 ). Iron concentrations and contents were essentially the same at all three locations although there was a trend for higher Fe measures at Fisher. Because each trial was done using high pH, highly calcareous soils, the lack of marked differences in micronutrient concentrations among locations is not entirely surprising. Although we were unable to find published articles that presented results describing differences among locations or genotypes in micronutrient concentrations or contents in different seed tissues, Fe uptake in plants is considered to be highly regulated to supply amounts sufficient for optimal reflects the large part of the whole seed occupied by the embryo. Other researchers (Kleese et al., 1968; Raboy et al., 1984; Baxter et al., 2008) have reported significant differences among locations but little genotype × location interaction to the extent that genotypes may be efficiently characterized for mineral element accumulation in a single trial. As with location means and contrasts, results of genotype contrasts involving differences among genotypes in N, P, K, Ca, and Mg concentrations were essentially the same for whole seed and embryo tissues (Table 5) . No differences consistently identified one genotype category as superior to the others. Substantially different results were obtained when whole seed, embryo, and seed coat macronutrient contents were compared (Table 7) . In nearly all comparisons, susceptible genotypes had higher contents than moderately resistant genotypes and they, in turn, had higher contents than resistant varieties. Although these differences may be related to seed size, results presented in **Significant at the 0.01% probability level. † Loc1, Ada, Mn; Loc2, crookston, Mn; Loc3, Fisher, Mn. ‡ ns, not significant at the 0.05% probability level. Table 5 . Means for whole seed, seed coat, and embryo elemental concentrations of genotypes classified as susceptible (S), moderately resistant (MR), and resistant (R) to Fe deficiency averaged across three locations during 2003. **Significant at the 0.01% probability level. † ns, not significant at the 0.05% probability level. Table 6 . Location means and contrasts for whole seed, seed coat, and embryo elemental contents at three locations averaged across 21 soybean varieties grown during 2003. **Significant at the 0.01% probability level. † Loc1, Ada, Mn; Loc2, crookston, Mn; Loc3, Fisher, Mn. ‡ ns, not significant at the 0.05% probability level.
growth while preventing excess accumulation (Baxter et al., 2008; Kim and Guerinot, 2007) . Genotypes classified as resistant to Fe deficiency had higher concentrations of Fe and Mn in whole seed, seed coat, and embryo tissues than genotypes classified as moderately resistant, which in turn had higher concentrations than susceptible genotypes (Table 5 ). It would seem that genotypes classified as more resistant to Fe deficiency had higher Fe concentrations and possibly higher Mn and Zn concentrations in all three seed tissues. Somewhat in contrast, more resistant genotypes had higher Fe contents in all three seed tissues (Table 7) and at all locations (Table 8) whereas Zn and usually Mn contents declined as genotype categories increased in resistance to Fe deficiency (Table  7 ). It appears that increases in Fe content were accompanied by decreases in Mn content to the extent that the sum of Fe and Mn content remained relatively constant (Table  8) . Although there were occasionally significant location × genotype interactions, they were small and primarily demonstrated that environments can influence micronutrient concentrations.
Seed Coat and Embryo Iron ConcentrationsEmpirical approximations: Locations
Under Fe-sufficient conditions, Fe that is transported to soybean pods accumulates in seed coats and eventually a Table 7 . Whole seed, seed coat, and embryo elemental contents of genotypes classified as susceptible (S), moderately resistant (MR), and resistant (R) to Fe deficiency averaged across three locations during 2003. **Significant at the 0.01% probability level. † ns, not significant at the 0.05% probability level. **Significant at the 0.01% probability level.
portion of this Fe moves into the embryo (Hocking and Pate, 1977; Laszlo, 1990) . Nonetheless, the seed coat can retain approx. 30% of the soybean seed's Fe at harvest (Moraghan and Helms, 2005) . With Phaseolus vulgaris L., the distribution of Fe between seed coat and embryo is known to vary among genotypes (Moraghan, 2004; Cvitanich et al., 2010) . We sought to know whether more Fe accumulates in seed coat and embryo tissues of soybean genotypes that are more Fe efficient or that are grown where Fe deficiency is limited. Quadratic equations were used as interpretative tools to assess the influence of locations and genotypes on the relationship between seed coat Fe and embryo Fe concentrations (Fig. 1) . A significant quadratic term would indicate a progressive decline in the rate of movement of seed coat Fe to the embryo. At this point, the seed coat appears to serve as a reservoir of Fe for embryo accumulation . Using raw data from 21 genotypes from each of the four replications at each location (n = 84), quadratic equations were used to estimate the point at which the seed coat [Fe] was maximized and, when it was maximized, the corresponding embryo [Fe] . Seed coat and embryo Fe concentrations were higher at locations that had more early-season Fe deficiency (Ada and Crookston). Iron deficiency chlorosis means across locations ranged from IDC = 1.9 (Fisher) to IDC = 3.5 (Ada) and seed coat Fe concentrations at the same locations were 392 μg g -1 and 498 μg g -1 , respectively. Embryo Fe concentrations were also higher where Fe acquisition was challenged (Fig. 1) . Soil properties at the three locations (Table 1) were similar, with the exception of CaCO 2 equivalent measures, which were substantially higher at Ada. This could have reduced the availability of Fe within the plant (Kosegarten and Koyro, 2001) or it may be that where IDC is especially severe (prolonged chlorotic conditions, such as Ada in 2003), Fe uptake, translocation, or storage may be reduced.
Seed Coat and Embryo Iron Concentrations-Empirical approximations: Genotypes
Seed coat and embryo Fe concentrations were markedly higher in genotypes classified as R and MR than in S genotypes (Fig. 2) . In studies done several years ago, involving a resistant and a susceptible variety and two levels of available Fe, Brown and Jones (1962) and Ambler and Brown (1972) concluded that Fe uptake, transport, and accumulation were highest in the more resistant variety grown under Fe stress, even more so than the resistant variety grown with adequate Fe. It is as if Strategy 1 mechanisms that are upregulated by Fe deficiency are not downregulated until seed coat and embryo Fe concentrations are substantially higher (Fig. 2) . Although the ratios of embryo Fe concentrations to seed coat Fe concentrations were nearly identical across S, MR, and R genotypes, each of these values was considerably higher with more resistant genotypes (Fig. 2) . Similarly, planting seed and harvest seed [Fe]s were closely related (r = 0.831, P < 0.0001) and indicated that [Fe] s in both tissues increased as genotypic resistance to Fe deficiency increased (Fig. 3) . It may be that Fe-inefficient genotypes accumulate less seed Fe than Fe-efficient genotypes, especially when grown under Felimited conditions but possibly under non-Fe-stress conditions as well (Wiersma, 2005 (Wiersma, , 2011 (Wiersma, , 2012 .
Characterization of genotypic resistance to Fe deficiency based on planting seed [Fe] versus published VCS was compared by correlating genotypic mean values averaged across locations. The correlation of VCS at V3 and published VCS (r = 0.765, P < 0.0001) was numerically equal but of opposite sign to the correlation of planting seed [Fe] and VCS at V3 (r = -0.770, P < 0.0001). Similar responses were observed for SPAD values and published VCS (r = -0.689, P < 0.0001) versus SPAD values and planting seed [Fe] (r = 0.700, P < 0.0001). Measures of planting seed [Fe] may well provide estimates of genotypic resistance to Fe deficiency similar to measures of VCSs.
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